The enormous complexity of a typical heterogeneous catalyst makes understanding the development and properties of any active nanoparticles present extremely challenging.
Introduction
The design of nanoparticle systems for catalysis involves the control of an enormous number of factors which affect the formation of the nanoparticles, including the chemistry of the surface on which they are supported, the interface between nanoparticle and the support, and the nanoparticle-solution interface, and most likely all three. Carbon as a support for heterogeneous catalyst nanoparticles is particularly challenging in this respect because of the complex surfaces that it can exhibit and because of the ability to change the nature of the surface with different surface treatments. An insightful study by Derbyshire et al. highlighted this issue in 1986, 1 and it was later reviewed by Radovic 2 who emphasised its importance to catalysis. A recent study of ruthenium deposition on activated carbon is a good example of the complex behaviour that can take place. The surface functionality of the carbon was altered by acid treatment leading to additional oxygen species. Although the new surface oxygen groups appeared to promote the dispersion of a ruthenium precursor deposited from solution, the authors concluded that, subsequently, oxygen states weakened the ruthenium nanoparticle/support interaction. 3 Xu et al. 4 studied this issue for gold, using concentrated HNO 3 solutions, (65 wt% at 90 C for 6 h) followed by thermal treatment to inuence the functional groups available at the surface. They concluded that phenol, ether, and carbonyl groups stabilise the gold catalyst and enhance activity but could not distinguish between the different groups or their mode of action.
Whilst there continues to be intense interest in functional groups at activated carbon surfaces, which are largely sp 3 in nature, other carbon allotropes have also attracted attention within the catalysis community. In particular, the unique thermal, mechanical and electronic properties of graphene, combined with its inherently high surface area, has resulted in a number of papers considering its potential as a catalyst support (ref. 5, 6 and references therein). The role of the functional groups in the nucleation and adsorption of the active particles on these substrates is readily acknowledged in these papers and a study by Marques et al. 6 addressed the issue directly, looking at the nucleation of gold from aqueous solutions at graphene and graphene oxide powders. Marques showed that oxygen functionality was essential for the nucleation of gold nanoparticles with no nanoparticles being observed in TEM images of the fully reduced graphene oxide surfaces. FTIR was used to characterise the functional groups present but the paper can only speculate on the nature of the functional groups involved in each case.
Our approach to this issue has been to study the surface functional groups and the adsorption of active species in systems which can be more easily characterised than the complex surfaces present in carbon powder catalysts. [7] [8] [9] Whilst highly ordered pyrolytic graphite (HOPG) surfaces exhibit only a very limited set of carbon sites compared to activated carbon they are directly relevant to graphene based materials. The ability to probe their chemistry with some degree of certainty, offers the possibility of an insight into the role of individual variables on the behaviour of the more complex systems.
In the present case, we aimed to explore how the functional groups present on graphite surfaces affect the deposition of gold from solution with an experimental procedure that mimics that used for the deposition of these active species on practical catalysts. The metals are deposited as salts from solution, allowed to dry and then characterised with X-ray photoelectron spectroscopy (XPS) to determine the oxidation state of the deposited metal and atomic force microscopy (AFM) to determine the topography of the deposited species.
We have previously discussed the modication of HOPG surface with HCl and HNO 3 acids and characterised the resulting functional groups and surface topography. [7] [8] [9] At room temperature both acids generated principally OH groups on the HOPG surface; there was negligible adsorption of chloride or nitrate groups. Over time, at room temperature (in air) but somewhat faster if heated, the OH(a) species oxidise further to form characteristic oxygen species we assigned to carbonyl and ether like groups. We presented some preliminary studies of gold deposition onto these surfaces. In the present paper, we study the question of whether different acids create different functional groups and, if so, how the different groups affect the deposition of gold on the carbon in terms of both the oxidation state of the metals and the topographical nature of the species deposited.
Experimental HOPG samples ($10 mm square, ZYH quality, supplied by Scanwel Ltd, UK) were cleaned before each experiment by peeling off the top few graphene monolayers using adhesive tape. A variety of treatments were employed to modify the surface chemistry of the carbons: acid treatment involved the placement of a 100 ml droplet of fresh diluted (see below) acid, allowing the system to stand for 30 minutes before drying under a pure helium or nitrogen stream. Generally, acids wet the surface very effectively and so larger droplets were not needed to provide complete coverage of the crystal surfaces. Gold deposition was achieved in a similar fashion: 100 ml droplet of a gold precursor solution (HAuCl 4 $xH 2 O, Sigma-Aldrich, 99.999%), was placed on the pre-treated sample and le for 1 minute. The sample was subsequently dried under a stream of helium or nitrogen for 2 minutes. Preliminary studies of gold deposition showed very high concentrations at the surface from gold solutions of 10 À5 M or greater. To study the initial deposition therefore, gold solutions of $10 À6 M proved necessary. The pH of the 1 Â 10 À5 mol dm À3 solution of gold was measured to be 5.26 whereas the 2 Â 10 À6 mol dm À3 was 5.63.
Ultra-pure water ("UPW", Millipore) was used for dilution of the acids and the gold solution before surface treatment and also for control experiments that replicated dosing and analysis conditions. We discovered that these experiments are extremely prone to contamination of the surface by silicon oxides. As a result, all solutions were prepared and stored in plastic containers and only for short periods of time. Nevertheless, silicon was a frequent contaminant seen in the XPS of the samples and resulting in a dominant SiO x peak in the O (1s) region of the spectrum. In these cases, the data was abandoned and the samples recleaned.
Where indicated, selected samples were heated to 573 K for 1 hour aer surface treatment and allowed to cool to ambient temperature before analysis.
It is worth noting here, that the concentration of different oxygen components in the XP spectra of the treated HOPG surfaces was slightly variable from sample to sample (AE20%) meaning that quantitative estimates between samples is difficult. However, binding energies of the components within the spectra were reproducible from sample to sample and general trends can be deduced.
X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Fisher Scientic K-alpha+ spectrometer. Samples were analysed using a micro-focused monochromatic Al X-ray source (72 W) over an area of approximately 400 microns. Data was recorded at pass energies of 150 eV for survey scans and 40 eV for high resolution scan with 1 eV and 0.1 eV step sizes respectively. Charge neutralisation of the sample was achieved using a combination of both low energy electrons and argon ions.
The XPS data was analysed using CasaXPS v2.3.19 using sensitivity factors supplied by the manufacturer with all binding energies referenced to the C (1s) peak at 284.5 eV. Curve ts were made using a Gaussian-Lorentzian 30:70 mixed lineshape with spin orbit splitting components for the Au (4f), S (2p) and Cl (2p) spectra xed at 3.7, 1.16 and 1.6 eV, and relative areas of 4 : 3, 2 : 1 and 2 : 1 respectively. To investigate the extent of metal reduction under the X-ray beam, spectra of the Au (4f) region were routinely taken twice, rstly at the start of a set of XP spectra and then at the end. Typically, there was no increase in the proportion of Au 0 present aer 30-40 minutes under the X-ray beam.
AFM images were acquired on a Bruker Veeco Multimode system in tapping mode using silicon nitride tips. Multiple images were recorded of several different sites on the surface and on several different samples. AFM images were analysed using WSxM soware. 10
Results and discussion
Gold deposition on HOPG pre-treated with HCl AFM imaging shows that treating HOPG surfaces with dilute HCl or HNO 3 acids gives rise to prominent features typically 50-100 nm in diameter and in the region of 5-10 nm in height; some examples are shown in Fig. 1 . We have shown previously 8, 9 that these features are associated with the formation of OH groups at existing defects and we have attributed them to a local delamination of the graphite. The effect is reduced or eliminated by heating to $473 K, by which temperature the OH at the surface is transformed into carbonyls and/or ethers.
Contact angle measurements, Fig. 2 , show that HCl has very little effect on the overall surface properties of the graphite, with the contact angle unchanged at approximately 82.5 AE 3 for acid concentrations up to 5 M, but also aer heating the acid treated surfaces to 473 K.
Although it doesn't change the wetting behaviour, acid treatment does have a marked effect on the deposition of gold from aqueous solutions. Very little gold deposition occurs on the untreated HOPG surface but, consistent with the observations of Marques et al. on graphene powders, 6 the XP spectra in Fig. 3 show unequivocal evidence for gold adsorption on the acid treated surfaces. A single gold state is present, with a characteristic binding energy for the Au (4f 7/2 ) peak of 84.0 eV indicating Au 0 . There is a simultaneous, and much greater, increase in the oxygen coverage on the surface. The new peak is centred at around 532.5 eV, but clearly consists of at least two components at $533.1 and 531.9 eV. No other adsorbates are apparent. In particular, no chlorine adsorption is observed at the surface until the pre-treatment acid concentration is increased to 5.0 M. The nal set of spectra in this set, Fig. 3 (e), are from the surface aer acid treatment (5 M HCl) followed by heating to 473 K and cooling before gold adsorption. This procedure results in a very different Au (4f) spectrum; there is now signicant intensity at the higher binding energy of 86.8 eV, indicating the presence of a Au 3+ state in addition to the Au 0 ; the two components are in an approximately 3 : 1 Au 3+ : Au 0 ratio.
Associated with the gold deposition are two Cl states with 2p 3/2 peaks at $198 eV and $200 eV and surface concentrations approximately 2.5 and 1 times the Au 3+ state, respectively. At pH 5.6, the gold would be expected 11, 12 to exist in solution as a mixed chloride/hydroxide ion, dominated by AuCl 3 (OH) À and AuCl 2 (OH)$H 2 O species. The presence of chlorine at the surface is fully consistent with the deposition of the ionic gold as one of these mixed chloride/hydroxide species and very similar spectra were observed for gold catalysts deposited on activated carbon. 13 We speculate that the two states are related to chlorine generally observed between 199 and 200 eV; Kishi and Ikeda, for example, reported 15 bulk AuCl at 198.6 eV and a gold lm exposed to Cl 2 gas at 199.4 eV. This suggests that the Cl (2p) peak at the lower binding energy state is associated with the gold. However, the calculated stoichiometry argues for the opposite assignment.
The topography of the HCl treated HOPG surface doesn't change dramatically when the surface is exposed to a gold solution, Fig. 4 . Higher concentrations of acid lead to higher gold concentrations but where the gold on the surface is predominantly Au 0 the AFM images show mainly discrete features. At higher coverages, these are oen arranged in chains across the surface, Fig. 4(c) . On the other hand, where the XPS shows the gold is predominantly present as Au 3+ the surface features are generally lower in height ($1.5 nm) and form a network over the surface; an example is shown in Fig. 4(d) .
Gold deposition on HOPG pre-treated with HNO 3
Gold deposition on HOPG pretreated with nitric acid gives a surface that shows predominantly Au 0 in the XP spectra, with some evidence for Au 3+ at lower acid concentrations, Fig. 5 . There is virtually no deposition on the untreated surface and no nitrogen or chlorine adsorption is observed. The Au (4f 7/2 ) peak intensity lies mainly at 84.0 eV indicating Au 0 , although at lower acid concentrations the weak peak shows an intensity approximately 0.5 eV higher in binding energy. This could indicate the presence of Au + , but since the peak remains stable under the Xray beam over $50 minutes a more probable assignment is to very small nanoparticles of gold which are known to exhibit increased binding energies in some circumstances. 16 As in the case of gold deposition on the HCl treated surfaces, there is a signicant increase in oxygen coverage aer gold deposition. The peak in the O (1s) region consists of two components at $533.4 and 532 eV. Since the deposited gold appears to be metallic in character the two oxygen components must be associated with the HOPG. The binding energies of the two peaks are different from those recorded aer acid treatment alone (532.7 eV) and attributed to OH(a) but similar to the two states observed aer heating the acid treated surface (531.8 and 533.5 eV) previously attributed to ether and carbonyl type species. 9 Over a large range of samples, the intensity ratio between the two components varies between $0.75 to 1.
In the AFM images of this experiment, Fig. 6 , gold treatment following acid treatment leads to a surface with a number of raised features approximately 2-3 nm in height and $25 nm in diameter. These are markedly smaller than the features observed aer acid treatment only, but closely resemble the features observed aer heating the acid treated surface. They tend to be associated with step edges although there are examples apparently in the middle of terraces. Because of their similarity to the heated treated surfaces, we tentatively assign these raised features to weakened delamination features rather than gold nanoparticles.
Gold deposition on HOPG pre-treated with "aqua regia" 1 HNO 3 
: 3 HCl
Aqua regia is widely employed as a solvent for noble metals but has also been proven to be an effective pre-treatment for carbon based catalysts because of its powerful oxidising capabilities. 17 We have investigated its effect on the HOPG surfaces and on the deposition of gold on these treated surfaces.
The greater oxidising power of aqua regia is evident in the O (1s) spectra of the treated HOPG. Whereas nitric acid and hydrochloric acid give rise primarily to hydroxyls at the surface, characterised by an O (1s) peak at $532.7 eV, aqua regia immediately generates two peaks at $532 and 533.5 eV associated with the carbonyl and ether groups, Fig. 7 . This has a corresponding effect on gold deposition once the acid concentration increases beyond 0.25 M. In the Au (4f) spectra, signicant intensity arises at 86.4 eV characteristic of Au 3+ . A prominent peak remains at $84 eV indicating the presence of Au 0 , but this may be due to reduction of the Au 3+ under the X-ray beam (although the surface is stable during extended scans, an immediate reduction of some of the gold during the rst spectrum cannot be ruled out). The corresponding AFM images of the aqua regia treated surfaces, Fig. 8 , show the typical raised features associated with a local delamination aer acid treatment. It is noticeable however, that the features are not as high or as wide as those aer separate HNO 3 or HCl treatments. This is consistent with the XPS evidence that the aqua regia leads to more carbonyl type functional groups which we have observed previously are less effective at delamination. 9 When gold is deposited on this surface, the major features remain largely unaffected, however new structures appear, with heights in the 1 nm range, forming chains and clusters of individual particles on the surface.
Gold deposition on HOPG pre-treated with sulfuric acid
Sulfuric acid is much more aggressive towards the HOPG than the other acids studied in this work; at concentrations of 0.5 M and above, the surface was too rough to be conveniently studied with AFM. The data in Fig. 9 and 10 therefore focus on surfaces treated with H 2 SO 4 concentrations between 0.1 and 0.3 M. The XP spectra show an increase in oxygen content aer exposure to H 2 SO 4 solution, with peaks at 533.3 and 531.9 eV accompanied by a sulfur species with a concentration approximately 1/8 th of the total oxygen. The S 2p binding energy of 168.5 eV is characteristic of a sulfate, 18 the associated oxygen is presumably contained within the overall O (1s) spectrum. There is no chlorine adsorption and the Au (4f) spectrum shows unambiguously that gold is present in the metallic state. AFM data from the experiments show that aer treatment with the gold solution, the surface retains a few of the large features attributed to locally delaminated areas but also now exhibits a series of reasonably discrete features with a height of $1 nm and diameters of $10-20 nm. The features are subtly different from the connected chains observed where the XPS shows that there is Au 3+ present. We attribute these features to gold nanoparticles.
Discussion
Treatment of the HOPG surface with weak acids results in discernible changes to its properties; whilst the contact angle measurements show no overall change to the wetting behaviour, there are effects on the XPS and AFM studies of the surface.
Photoelectron spectroscopy of the surface shows there is a correlation between the extent of functionalisation and the extent of nucleation of gold at the surface, both in its oxidised form and in the metallic form. We also see a correlation between the nature of the functional groups produced at the surface and the nature of the gold that is deposited: OH groups generated by the weaker acids (HCl & HNO 3 ) tend to result in the deposition of Au 0 species whereas further oxidation, engendered either by a stronger acid such as aqua regia, or by heating in air aer acid treatment results in a surface on which exposure to the aqueous gold solution leads predominantly to Au 3+ deposition. We have also noticed that higher concentrations of gold at the surface tends to involve a greater extent of Au 3+ deposition perhaps because the initial adsorption removes the active hydroxyls but the remaining, or resulting oxygen states continue to catalyse gold nucleation. At pH 5.6, the gold ion is expected to exist in solution primarily as a mixed hydroxy-chloride, but the chloride ion is only seen at the surface when Au 3+ is also present. XP spectra show there is a signicant increase in oxygen intensity on the adsorption of the gold, with two components at $532 eV and $533.5 eV when gold is deposited either as the Au 3+ ion or as Au 0 . In the latter case, the oxygen is almost certainly associated with the HOPG rather than the gold, with the binding energies of the two states closely resembling those of the two states created aer heating a hydroxide species. The tendency for higher OH(a) coverages to lead to Au 0 deposition, whereas the carbonyl like oxygen states result in Au 3+ adsorption, could be due to the reduction of the gold being associated with the further oxidation of the OH to carbonyls. However, in this type of experiment the quan-tication is not certain enough to provide more compelling evidence. Another possibility is that Au 3+ is deposited in every case but is less stable against reduction by the X-rays in the presence of OH than the carbonyl. Previous calculations 8 suggested that OH at the HOPG surface interacts more strongly with gold nanoparticles than the carbonyls do, but the stability of the Au 3+ ion wasn't considered.
In the AFM images, the identication of species at the surface is difficult. We have previously 9 associated large features present aer exposure to the gold chloride solution as gold related. However, the present data indicates that this would require much higher gold concentrations than are evident in the XPS. We propose, therefore, that these large features are the remnants of the local delamination phenomenon seen immediately aer treating with acids. Instead, the gold deposits are showing up as much smaller features, islands approximately 1 nm or less in height and 10-20 nm in diameter. Where Au 3+ is dominant in the XP spectra, the AFM shows a surface with a network of species on the surface.
The deposition of gold onto HOPG surfaces treated by the four acids studied here can be rationalised in terms of the model presented above. HCl and HNO 3 both generate predominantly OH functional groups and these reduce the Au 3+ to Au 0 , being oxidised themselves to C]O. In contrast, aqua regia oxidises the surface to a greater extent, leaving few hydroxyls to reduce the gold but generating carbonyl and ether type groups which appear to encourage the nucleation of Au 3+ clusters on the surface. The exception to this picture appears to be sulfuric acid, since gold deposition on a sulfuric acid treated surface generates exclusively Au 0 Fig. 11 A comparison of curve fits of the O (1s) spectra from Fig. 8. In (a) and (b) , fits to the acid treated surface spectrum using two and three components respectively are compared. Whilst two components are sufficient to fit the overall envelope, three components, in which a peak at 532.7 eV can be assigned to OH(a), is also successful. The three peak fit is consistent with a model in which OH(a) reduces Au 3+ to Au 0 showing that both produce acceptable models. despite the O (1s) spectrum apparently exhibiting similar components to the surface treated by aqua regiawhere Au 3+ dominates. This apparent inconsistency can be resolved if the curve tting of the O (1s) spectrum before gold deposition is reconsidered. Fig. 11 shows how three peaks could also t the overall envelope; in the t, the FWHM of the components are restricted to 1.5 eV but the binding energies of all three peaks are allowed to vary. The t now shows a strong component at 532.7 eV, a binding energy previously attributed to OH(a) at the HOPG surface. 8, 9 The lower binding energy component has a surface coverage approximately 3 times that of the sulfur and this ratio remains similar aer gold deposition and as the acid strength is increased.
Conclusions
A consistent picture has emerged of gold deposition on acid treated HOPG surfaces. Different oxygen functional groups have been identied through their characteristic XP binding energies 8, 9 and their inuence on gold deposition from aqueous solution determined: OH(a) reduces Au 3+ to Au 0 being oxidised itself in the process to form carbonyl and ether groups. Carbonyls and ethers promote the deposition of Au 3+ networks at the surface without reduction. The results give some clues to the way that different acids and treatment conditions can result in different surface and hence catalytic chemistries: less oxidising conditions give rise to OH(a) and thus enhance Au 0 deposition whereas more oxidising treatments lead to Au 3+ directing groups. These observations help explain some aspects of the work published on carbon powders 4 where there is general agreement that oxygen species help stabilise gold catalysts but the role of specic functional groups could not be unravelled. They may also help guide the design of new catalysts based on carbon and gold where specic oxidation states are thought to be required: the hydrochlorination of ethyne being one example. 19 The general approach used here would seem to provide a means by which deposition and nucleation effects can be studied in some detail for many different systems, but future progress would benet considerably from a means to identify the topographic distribution of functional groups through the AFM images.
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